

















  バルト海における航路選択（Kotovirta et al., 2009） 
  経済性（航行コスト）に着目した航路選択（Nam et al., 2013） 
















































































Fig. 3. Shortest path search: branch pruning vs. A∗.
algorithm where some nodes on the edge are discarded from the scan eligible node list after proving to be
located out of the assumed feasible solution area, as shown in Fig. 3. Consequently, the branch pruning
algorithm maintains a smaller scan eligible node set as compared to the A∗ algorithm and is expected to
be computationally faster.
The performance of the A∗ algorithm in Euclidean networks has been well documented. Golden et al.
[31] empirically found that the A∗ algorithm expands less than about 10% of the nodes that would be
expanded by a LS algorithm. Sedgewick et al. [32] proved that the A∗ finds the shortest path in many
Euclidean graphs with an average computation effort O(n), compared to O(n log n) required by the LS
algorithm. More recently, Nicosia et al. [33] proved a general approximation property of A∗ which allows
a solution being found with a given approximation ratio: if the heuristic function e(i) is not itself a lower
bound, but there exists k > 1 such that e/k is a lower bound, then the solution returned by A∗ is less than
or equal to k-times the value of an optimal solution.
The actual performance of the A∗ algorithm in a transportation network depends primarily on the
quality of the heuristic function F(i) or e(i,d) used. Similar to the branch pruning method, e(i,d) can also
be estimated by Eq. (2). When the travel distance is estimated by using Euclidean distance, the average
speed (V) becomes the only controllable parameter in this algorithm. In order to ensure that e(i,d) is
admissible or a lower bound estimate, an upper bound average speed should be used. However, it should
be noted that the higher the average speed used, the larger the search area will be, and thus the more
f * n( ) = g n( )+ h* n( )







































































































































































































































































































































































































































Model of Ice Resistance 
Sea ice affects on ship as an external force. VESTA can take added resistance by ice into 
account in evaluation of ship’s performance. Several models of ice resistance have been 
proposed since 1900’s. For ice-strengthened merchant ships, typical NSR voyages are in 
marginal ice zone where broken ice or ice floes are dominant condition. In this regard, 
Kashitelijan-Poznjok-Ryblin (KPR) model was selected in this study. 
The KPR model has been introduced in many references. (e.g. Nozawa, 2006)  This model 
adopts ice resistance in the area of rather small ice floes. The formulae are as follows; Total 
ice resistance RSF is the sum of impact (RSF1), dissipative (RSF2), static (RSF3) and 
hydrodynamic components (Rw). 
 




31 tan=  (2) 









Here, 1k , 2k and 3k  are empirical constants. 1k  and 2k are the function of ice concentration. 






Voyage simulations were executed on a typical ocean-going ship, Panamax bulk carrier of 
approx. 220m long. (Figure 1) Ice strengthen level was assumed as IMO Polar Class PC7, 
which is equivalent to Finnish-Swedish Ice Class 1A. In the present simulation, it is assumed 
that the ship independently transits NSR in summer light ice condition, whether or not the 
authorities’ request to accept escorting by icebreaker.  
Principal particulars are described in Table 1. Typical service speed in ice-free water is 
14knots for Panamax bulk carriers. 
 
 
Figure 1. Target ship: Panamax bulk carrier. 
 
Table 1. Principal particulars of the target 
ship. 
 
Length B.P. 217.34 m 
Breadth molded 32.26 m 
Draft 14.0 m 
Dead Weight  73,000 MT 
Engine Output (MCR) 9,070 kW 
Service Speed 14 knots 
 
 
Matsuzawa et al. (2015)より 
船型によらずに、氷況と過去の航行実績から船速を推定する 
船速推定のための指標	
  Ice Index 
  INSROP（1993-1999）で提唱された、航行の難易度を表す指標 
  開水面で最大値20を取り、小さいほど厳しい氷況を表す 














  Ice Index 
  INSROP（1993-1999）で提唱された、航行の難易度を表す指標 
  開水面で最大値20を取り、小さいほど厳しい氷況を表す 
























































2482 nm	 distance	 2641 nm	 distance	 2663 nm	
291.5 hours	 travel time	 237.4 hours	 travel time	 238.0 hours	






  砕氷能力 : 0.6 m 
砕氷船エスコート下 
（Ice Index < 18） : 1.5 m 
  喫水制限 : 10 m 
  2011/10/15出発 
 pdf  of  ice thickness	
Ship icebreaking capacity	
failure rate	
v = 0.768I −3.84       I ≥15( )
v = 0.1647I − 5.209   I <15( )
アンサンブル予報によるバラつきを考慮した最適航路探索 
氷厚[m]	 氷厚[m]	



























































cost function = w1 × distance[nm]( )+w2 × time[hours]( )+w3 × failure rate( )
2482 nm	 distance	 2641 nm	 distance	 2663 nm	
291.5 hours	 travel time	 237.4 hours	 travel time	 238.0 hours	


































































2482 nm	 distance	 2641 nm	 distance	 2663 nm	
291.5 hours	 travel time	 237.4 hours	 travel time	 238.0 hours	






  砕氷能力 : 0.6 m 
砕氷船エスコート下 
（Ice Index < 18） : 1.5 m 
  喫水制限 : 10 m 
  2011/10/15出発 
 pdf  of  ice thickness	
Ship icebreaking capacity	
failure rate	
v = 0.768I −3.84       I ≥15( )
v = 0.1647I − 5.209   I <15( )
アンサンブル予報によるバラつきを考慮した最適航路探索 
氷厚[m]	 氷厚[m]	



























































cost function = w1 × distance[nm]( )+w2 × time[hours]( )+w3 × failure rate( )
氷厚[m]	
actual route	 optimized route	
distance	 2564 nm	 2299 nm （−10.3%）	







  砕氷能力 : 0.6 m 
  Ice Index<18 : 1.5 m 
  喫水制限 : 10.5 m 
cost function =1× travel distance( )+100× travel time( )
ケース1 
v = 0.768I −3.84       I ≥15( )
































actual route	 optimized route	
distance	 2564 nm	 2299 nm （−10.3%）	







  砕氷能力 : 0.6 m 
  Ice Index<18 : 1.5 m 
  喫水制限 : 10.5 m 
ケース1 
v = 0.768I −3.84       I ≥15( )































cost function =1× travel distance( )+100× travel time( )
氷厚[m]	
actual route	 optimized route	
distance	 2422 nm	 2275 nm （−6.1%）	





































  砕氷能力 : 0.6 m 
  Ice Index<18 : 1.5 m 
  喫水制限 : 10.5 m 
v = 0.768I −3.84       I ≥15( )




actual route	 optimized route	
distance	 2422 nm	 2275 nm （−6.1%）	





































  砕氷能力 : 0.6 m 
  Ice Index<18 : 1.5 m 
  喫水制限 : 10.5 m 
v = 0.768I −3.84       I ≥15( )




actual route	 optimized route	
distance	 3767 nm	 3213 nm （−14.7%）	





































  砕氷能力 : 0.6 m 
  Ice Index<18 : 1.5 m 
  喫水制限 : 15 m 
v = 0.768I −3.84       I ≥15( )




actual route	 optimized route	
distance	 3767 nm	 3213 nm （−14.7%）	





































  砕氷能力 : 0.6 m 
  Ice Index<18 : 1.5 m 
  喫水制限 : 15 m 
v = 0.768I −3.84       I ≥15( )




actual route	 optimized route	
distance	 3767 nm	 3213 nm （−14.7%）	





































  砕氷能力 : 0.6 m 
  Ice Index<18 : 1.5 m 
  喫水制限 : 15 m 
v = 0.768I −3.84       I ≥15( )






  砕氷能力 : 0.6 m 
  Ice Index<18 : 1.5 m 
  喫水制限 : 15 m 
氷厚[m]	
actual route	 optimized route	
distance	 3767 nm	 3598 nm （−12.0%）	








































  砕氷能力 : 0.6 m 
  Ice Index<18 : 1.5 m 
  喫水制限 : 15 m 
氷厚[m]	
actual route	 optimized route	
distance	 3767 nm	 3598 nm （−12.0%）	
























































































































  砕氷能力: 0.6 m 
  砕氷船エスコート下（Ice Index<18） : 1.5m 
  赤い範囲の1.5mより厚い氷は1.5mとした  →→ 
AMSR2 RCP4.5 
2605nm, 234.5hours	 2602nm, 271.5hours	 2599nm, 261.4hours	
RCP8.5 
v = 0.768I −3.84       I ≥15( )
























RCP4.5 （Sep. in 2025-2095）	
2025 2035 2055 2045 
2065 2075 2095 2085 
氷厚[m]	 氷厚[m]	 氷厚[m]	 氷厚[m]	
氷厚[m]	 氷厚[m]	 氷厚[m]	 氷厚[m]	
2025 2035 2055 2045 
2065 2075 2095 2085 
氷厚[m]	 氷厚[m]	 氷厚[m]	 氷厚[m]	
氷厚[m]	 氷厚[m]	 氷厚[m]	 氷厚[m]	
MIROC5データを使った航路探索 


























































  Ice Indexを用いて実航行の船速データを整理し、船速を推定した 













  船型に依存しないIce Index法と、船型に依存する抵抗式の両立 
まとめと今後の課題	
ご清聴ありがとうございました	
